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Direct  ingestion  of  contaminated  soil  by  depleted  uranium  (DU)  might  lead  to  internal  exposure  to DU  by
local  populations  through  hand  contamination.  The  purpose  of this  study  was  to  assess  the  immunological
changes  of  long-term  exposure  to various  doses  of DU  in mice.  Three-week-old  Kunming  mice were
divided  into  the  following  4  groups  based  on  the various  feeding  doses  (containing  DU):  0 (control  group),
3  (DU3 group),  30 (DU30 group),  and  300  mg/kg  feed  (DU300 group).  After  4  months  of exposure,  in  the
DU300 group,  the innate  immune  function  decreased,  manifesting  as  decreased  secretion  of  nitric  oxide,
interleukin  (IL)-1,  IL-18,  and tumour  necrosis  factor  (TNF)-  in the  peritoneal  macrophages,  as  well
as  reduced  cytotoxicity  of  the  splenic  natural  killer cells.  Moreover,  the  cellular  and  humoral  immune
functions  were  abnormal,  as manifested  by  decreased  proliferation  of the splenic  T cells, proportion  of
the cluster  of  differentiation  (CD)  3+ cells,  ratio  of CD4+/CD8+ cells  and  delayed-type  hypersensitivity,  and
increased  proliferation  of the  splenic  B cells,  total  serum  immunoglobin  (Ig) G  and  IgE, and  proportion
of  splenic  mIgM+mIgD+ cells.  Through  stimulation,  the  secretion  levels  of  interferon  (IFN)-  and  TNF-
in  the splenic  cells  were  reduced,  and  the levels  of IL-4 and  IL-10 were  increased.  By comparison,  in the
DU30 and  DU3 groups,  the  effects  were  either  minor  or indiscernible.  In  conclusions,  chronic  intake of
higher  doses  of  DU (300  mg/kg)  had  a signiﬁcant  impact  on  the  immune  function,  most  likely  due to an
imbalance  in T helper  (Th) 1 and Th2  cytokines.
© 2013 The Authors. Published by Elsevier Ireland Ltd. Open access under CC BY-NC-ND license.. Introduction
Depleted uranium (DU) is the residue that remains after the
eﬁning and enriching of 235U from natural uranium; the content
f 235U is usually 0.2–0.3%. Due to its high penetrability and low
rice as a raw material, DU has been widely used in counterweights,
Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase;
CR, B cell surface receptor; BUN, blood urea nitrogen; CCL-2, C–C motif ligand
;  CD, cluster of differentiation; ConA, concanavalin A; CR, creatinine; CTL, cyto-
oxic T cells; DTH, delayed type hypersensitivity; DU, depleted uranium; ELISA,
nzyme linked immunosorbent assay; ICP-MS, inductively coupled plasma mass
pectrometry; IL, interleukin; IFN, interferon; Ig, immune globulin; iNOS, induced
itric oxide synthase; LDH, lactate dehydrogenase; LPS, lipopolysaccharide; MTT,
-(4,5-diamethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium; NK cells, natural killer
ells; NO, nitric oxide; OD, optical density; PBS, phosphate buffer solution; PMA,
horbol-12-myristate-13-acetate; SD, standard deviation; SRBCs, sheep red blood
ells; TGF, transforming growth factor; Th cells, T helper cells; TNF, tumor necrosis
actor.
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Open access under CC BYradiation-protective clothing, and military activities (serving as an
armour material and an ammunition component) (Bleise et al.,
2003). However, during its production and use, uranium may  be
released into the environment due to failure to follow standard
procedures, thus causing environmental pollution. The physical
half-life of DU is up to 4.49 × 109 years, and the element remains in
the environment for a long time, contaminating soil, groundwater,
ﬂora, and fauna, which eventually enter the human body through
the food chain, leading to chronic contamination of local residents
(Di Lella et al., 2005).
The radioactivity of DU is approximately 60% that of natural ura-
nium, but DU has the same heavy-metal toxicity as natural uranium
(Priest, 2001; Squibb et al., 2012). During acute high-dose expo-
sures, the kidney is the main target organ of the chemical toxicity
of DU, which may  cause severe tubular necrosis (Hao et al., 2012a)
and mitochondrial damage (Shaki et al., 2012). Low-dose chronic
exposure may  cause a series of harmful effects, such as neurobe-
havioural abnormalities, genetic toxicity, reproductive toxicity, and
cancer (Houpert et al., 2005; Lestaevel et al., 2005; Hao et al., 2009,
2012b; Mould, 2001). Gagnaire et al. (2013) reported that low-dose
DU exposure had an impact on oxidative stress, detoxiﬁcation, and
the defence system of zebraﬁsh; moreover, the researchers stressed
that further research on immunotoxicity (or immune markers)
would elucidate these effects of uranium. Our previous research
-NC-ND license.
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Hao et al., 2012a) has conﬁrmed that in addition to primary accu-
ulation in the kidney, DU also accumulates in the liver and spleen,
uggesting that DU might have certain effects on the immune sys-
em.
Several studies have conﬁrmed that DU has a toxic effect on
mmune cells in vitro. Kalinich et al. (2002) found that macrophages
an uptake uranium and subsequently undergo apoptosis. Gazin
t al. (2004) determined that DU causes abnormal expression and
elease of tumour necrosis factor (TNF)- and interleukin (IL)-6
rom macrophages. Wan  et al. (2006) demonstrated that exposure
o low-dose DU affects the immune function through regulation
f the expression of cytokines (e.g., involved in signal transduc-
ion, interleukin expression, chemokines, chemokine receptors,
nd neurotrophic factors).
However, few published studies exist on the impact of DU
n immune function and inﬂammation in live animals. Monleau
t al. (2006) found that inhalation of insoluble DU causes a time-
ependent increase in a variety of inﬂammatory cytokines in rat
ung tissue. A rat model of chronic exposure was  established
y long-term intake of uranium-containing water (40 mg/l); at
, 6, and 9 months, the effect of uranium exposure on various
nﬂammatory pathways [prostaglandins, histamine, cytokines and
itric oxide (NO)] was evaluated. The results revealed that chronic
ngestion of DU causes time-dependent changes in a variety of
nﬂammatory pathways (Dublineau et al., 2007). DU enters the
ody through the oral route. Direct ingestion of contaminated food
nd soil should also be considered in addition to drinking con-
aminated water. However, there is still no report on the effects
f ingesting DU-contaminated food on the immune system.
In addition, it is a speculated that the “Gulf War  Syndrome”
ight be caused by the systematic shift of T helper (Th) 2
ytokines by Th1 cytokines because the clinical symptoms are
arkedly similar to those of autoimmune diseases (Rook and
umla, 1997). In vitro, after cluster of differentiation (CD) 4+ T cells
nd macrophages are exposed to DU, there is increased expression
f IL-5 and IL-10, which strongly suggests a shift to Th2 cells during
he initial stages of T cell differentiation (Wan  et al., 2006). For other
eavy metals, such as lead, studies on mouse bone marrow-derived
endritic cells also revealed a shift to Th2 cells during the immune
esponse (Gao et al., 2007). In this study, we hypothesised that DU
ay  modulate immune cell cytokine expression, especially Th1 and
h2 cytokines, to inﬂuence the immune system function. However,
ublineau et al. (2006) reported that, there was no biological con-
equences in the cytokine expression [IL-10, transforming growth
actor (TGF)-,  interferon (IFN)-,  TNF-a] in Peyer’s patches and in
esenteric lymph nodes of rats after chronic ingestion of DU by
rinking water (40 mg/l).
Therefore, the objective of this study was to establish a mouse
odel in which mice were exposed to long-term ingestion of DU-
ontaining feed, to evaluate the overall impact of DU exposure on
he entire immune system of the mice after 4 months, and to ver-
fy whether the DU exposure caused an imbalance between Th1
nd Th2 cytokines. We  set up 4 different dose groups based on
he DU concentration. The control group consumed normal feed
ith a uranium concentration of approximately 0 mg/kg. The ura-
ium concentration that was used in the DU3 group (3 mg/kg) was
ainly based on the average concentration of uranium in the nat-
ral soil (3 mg/kg; Bleise et al., 2003). The uranium concentration
hat was used in the DU30 groups (30 mg/kg) was mainly based on
he concentration range of uranium in the topsoil of the western
osovo region (0.69–31.47 mg/kg; Di Lella et al., 2005) and on the
ranium concentration (40 mg/l) that is the uranium concentration
ommonly used in drinking water in studies (Wade-Gueye et al.,
012; Barillet et al., 2011) of chronic exposure [which was  twice the
ighest environmental concentration in Finland (Juntunen, 1991)].
inally, in accordance with the 10-fold uranium concentration 309 (2013) 81– 90
gradient for each dose group, the DU300 groups were exposed to
300 mg/kg; this 300 mg/kg concentration was  still far lower than
that of the highest uranium concentration in the topsoil of the
Kosovo region (assessed in November 2000), which was approx-
imately 18,000 mg/kg (Sansone et al., 2001). Four months after
the animals were fed the DU-containing feed, immunotoxicolog-
ical experiments were conducted to comprehensively evaluate the
animals’ innate immunity and cellular and humoral immune func-
tion to analyse the subtypes of the immune cells and the expression
of the cytokines and thus further explore the molecular mecha-
nisms of the immunotoxicity of DU. The results of this study suggest
that DU plays a role in increasing the incidence of autoimmune
diseases, infectious diseases, and tumours, which lays the foun-
dation for future studies of the biological effects of chronic DU
exposure.
2. Materials and methods
2.1. Animals
Male Kunming mice weaned at 3 weeks of age were obtained from the Institute
of  Zoology [The Third Military Medical University, SCXK (Chongqing) 2007-0003,
China]. The mice were acclimated to the laboratory for 7 days prior to the start of
the  experiment and found to be in good health were selected for use. The mice’s
weights were in the range 18–21 g at the beginning of the experiments. The mice
were housed in plastic cages (ten mice per cage) under controlled conditions with
a  12:12-h (light:dark) cycle, an ambient temperature of 20–25 ◦C, and a relative
humidity of 55%. The mice had free access to water and food throughout the exper-
imental period. Food intake, water intake, body weight, and health status were
recorded daily. Over the four months after ingestion of DU, the mice were euthanised
by  rapid decapitation or anaesthetised with ether for blood collection. The animal
experiments were conducted in conformity with the National Institutes of Health
guidelines (NIH Pub. No.  85-23, revised 1996) and with the agreement by the Animal
Care and Use Committee of the Third Military Medical University.
2.2. Contamination
DU (238U: 99.75%, 235U: 0.20%, and trace 234U, speciﬁc activity of 1.24 × 104 Bq/g)
was purchased from the China National Munitions Corporation, Beijing. The prepa-
ration of DU-spiked food followed as previous study (Hao et al., 2009). In brief, DU
was  dissolved in nitric acid as uranyl nitrate and then spiked in food evenly. The
resulting chemical speciation of uranyl nitrate mixed with food was uranyl nitrate
hexahydrated [UO2(NO3)2·6H2O]. For animal exposure, four different solutions were
prepared to obtain four concentrations of uranium in food: 0 mg/kg (control group),
3  mg/kg (DU3 group), 30 mg/kg (DU30 group) and 300 mg/kg (DU300 group). After
food  consumption and weight were considered, the mice were exposed to DU in
their food at approximate doses of 0, 0.4, 4, and 40 mg/kg body weight/day for four
months, respectively.
2.3. Relative weight of spleen and thymus
Over the four months after ingestion of DU, the mice of each group (n = 10)
were anaesthetised with ether and blood samples were collected from femoral vein.
Serum was  prepared for biochemical assays below. Then spleen, thymus and ster-
num from mice were lightly dissected and spleens and thymus were weighed and
normalised to the body weight. Spleen, thymus and sternum were used for uranium
analyses below.
2.4. Biochemical assays
Serum concentrations of urea nitrogen (BUN), creatinine (CR), alanine amino-
transferase (ALT) and aspartate aminotransferase (AST) were measured by an
automated spectrometric system (Konelab 20, Thermo Electron Corporation, Cergy-
Pontoise, France) with the manufacturer’s biological chemistry reagents.
2.5. Uranium analyses
The uranium content was measured in the kidney, sternum, thymus and spleen.
Samples (25–400 mg)  were digested by the addition of 3 ml  of concentrated nitric
acid  in a CEM MARS Xpress Microwave Accelerated Reaction System (CEM Cor-
poration, Matthews, NC, USA) using following procedure: (1) microwave power at
1600 W,  ramp 5 min  to reach 120 ◦C and remained at 120 ◦C for 2 min; (2) microwave
power at 1600 W,  ramp 2 min to reach 150 ◦C and remained at 150 ◦C for 2 min. Ura-
nium content in samples was determined using an inductively coupled plasma mass
spectrometer (ICP-MS, Thermo Finnigan MAT, Bremen, Germany). The limit for the
instrument was  0.002 ppb. Values are expressed as ng g−1 of fresh sample material.
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n addition, to verify the source of uranium, the 235U/238U isotopic ratio was also
easured by ICP-MS.
.6. Cytotoxicity assay of splenic natural killer (NK) cells
Spleens were harvested aseptically from euthanized mice of each group (n = 10)
nd  single cell suspensions prepared as previously described (Hao et al., 2012a). The
ell preparations from each mouse were analysed individually. NK cell-mediated
ytotoxicity was determined in a colorimetric assay based on the measurement
f  lactate dehydrogenase (LDH) released from the cytosol of lysed YAC-1 target
ells  (Chinese Academy of Sciences, Shanghai, China) into the supernatant accord-
ng to the method of previous study (Konjevic et al., 1997; Lv et al., 2012). Brieﬂy,
plenic cells and YAC-1 cells were coincubated at ratios of 40:1 in complete RPMI
640. After a 4-hour incubation period in a humidiﬁed chamber (37 ◦C, 5% CO2), cell
uspension was  used to account for spontaneous LDH release activity. The sponta-
eous LDH release activity correlates with cytotoxicity of NK cell (Konjevic et al.,
012). The LDH release activity was determined using an LDH cytotoxicity assay kit
Beyotime, Haimen, Jiangsu, China) according to the manufacturer’s instructions.
he  absorbance was measured at 490 nm by a microplate reader (Bio-rad 550, Bio-
ad  Laboratories, California, USA) within 1 h. The percentage of speciﬁc lysis was
xpressed using the formula: Cytotoxicity (%) = LDH activity in supernatant/(LDH
ctivity in supernatant + LDH activity in cell lysate) × 100.
.7. Assessment of phagocytic activity
Mice of each group (n = 10) were sacriﬁced by rapid decapitation, followed by
 peritoneal wash after inoculation with sterile phosphate buffer saline (PBS), to
btain the macrophages. Cells were then washed three times in PBS by centrifuga-
ion (1000 rpm for 5 min) and counted. The uptake of the neutral red dye, which
ccumulates in cell lysosomes, was used to evaluate the phagocytic activity of the
acrophages by colorimetry according to the method of previous study (Bussolaro
t al., 2008). Brieﬂy, macrophages (2 × 105 cells/well) were cultured on a 96-well
at bottomed microplate and incubated for 30 min  with 10 l of neutral red stain-
ng  solution (Beyotime, Haimen, Jiangsu, China). Then cells were ﬁxed with Baker’s
ormol-calcium solution for 30 min  and washed twice. The neutral red sample was
xtracted from cells by 100 l acidiﬁed alcohol to each well. The optical density (OD)
t  550 nm of samples was determined by a microplate reader.
.8. Determination of total serum immunoglobin (Ig) M, IgG, IgE
Mice of each group (n = 10) were anaesthetised with ether and blood samples
ere collected from femoral vein. Serum was  prepared and stored at −80 ◦C until
easurement. Total serum IgM, IgG and IgE levels were respectively measured
sing the enzyme linked immunosorbent assay (ELISA) kits (Innovative Research,
NC., Michigan, USA), according to the manufacturer’s instruction as previously
escribed (Ma  et al., 2012). The conversion from optical density to concentration
as  calculated from a lineal regression formula using puriﬁed mouse IgM, IgG or
gE standards.
.9. Lymphocyte proliferation test
MTT [3-(4,5-diamethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium] assay was
sed to determine the lymphocyte proliferation as previously described (Hao
t  al., 2012a). Brieﬂy, One hundred microlitres of splenic cells (2 × 106 cells/ml)
as  harvested from euthanized mice of each group (n = 10) and cultured in
riplicate in 96-well culture plates in complete RPMI-1640 supplemented with
ipopolysaccharide (LPS; Sigma–Aldrich, St. Louis, MO,  USA) or concanavalin A
ConA; Sigma–Aldrich, St. Louis, MO,  USA) at 5 g/ml ﬁnal concentration. Con A sti-
ulates the proliferation of T lymphocytes, while LPS stimulates B lymphocytes. The
roliferation was  determined using an MTT Cell Proliferation and Cytotoxicity Assay
it (Beyotime, Haimen, Jiangsu, China) according to the manufacturer’s instruc-
ions. The absorbance was measured at 570 nm by a microplate reader. Stimulation
ndex was  calculated for each sample as: S.I. = As/Au, where As is the absorbance
f  stimulated cells by ConA or LPS, and Au is the absorbance of unstimulated
ells.
.10. Delayed type hypersensitivity (DTH)
The mice of each group (n = 10) were sensitised by intraperitoneal injection of
% (volume ratio) sheep red blood cells (SRBCs; Lanzhou National Hyclone Bio-
ngineering Co., LTD, Lanzhou, Gansu, China) suspended in 200 l of saline (about
 × 108 SRBCs). After four days, 20% SRBCs suspended in 20 l of saline were injected
nto the left hind paw, and the resulting oedema was  measured using a pressure sen-
itive micrometre (The Dyer Company, Lancaster, PA, USA) after 24 h. The procedure
sed was  slightly improved as previously described (Lagrange et al., 1974)..11. Splenic cells phenotyping analyses
Single cell suspensions of splenic cells in each group (n = 10) were prepared
s  described above. The relative distributions of lymphocytes in mice spleens were 309 (2013) 81– 90 83
determined by FACScan analyses as previously described (Teijón et al., 2003). Splenic
cells were stained using combinations of the following monoclonal conjugated
antibodies (BD Biosciences Pharmingen, San Jose, CA, USA): anti-CD3-APC-Cy7, anti-
CD4-FITC, anti-CD8-PerCP-Cy5.5, anti-IgM-APC and anti-IgD-PE. Brieﬂy, splenocyte
suspensions of 3 × 106 cells/ml in PBS were prepared, and spleen cellularity was
determined using trypan blue dye exclusion method. Then an aliquot of 100 l of
splenocyte suspensions (3 × 105 cells) were labelled with the monoclonal antibodies
(either with anti-CD3-APC-Cy7, anti-IgM-APC and anti-IgD-PE, or with anti-CD3-
APC-Cy7, anti-CD4-FITC and anti-CD8-PE-PerCP-Cy5.5) for 30 min at 4 ◦C, followed
by  PBS wash (three times). Data were acquired using a FACSCalibur (BD Biosciences
Pharmingen, San Jose, CA, USA) and analysed employing FlowJo 7.6.4 software (Tree
Star Inc., Ashland, OR, USA).
2.12. Determination of NO and cytokine
Single cell suspensions of peritoneal macrophages in each group (n = 10) were
prepared as described above. Macrophages (2 × 105 cells/ml) were incubated with
LPS (5 g/ml) for 24 h. Then the culture supernatant was collected for determina-
tion of cytokine. NO was determined by the Griess method as previously described
(Luna et al., 2012). Nitrite was used to assess NO and absorbance was measured
at  550 nm by a microplate reader. The cytokines IL-1, IL-6, IL-18 and TNF- in
culture supernatants were determined using ELISA kits (R&D Systems, Abingdon,
UK) according to the manufacturer’s instructions. The absorbance was measured at
450  nm by a microplate reader. The limit of detection for the cytokines shown was
IL-1  (12.5 pg/ml), IL-6 (7.8 pg/ml), IL-18 (15.6 pg/ml), and TNF- (10.9 pg/ml).
In  addition, single cell suspensions of splenic cells in each group (n = 10) were
prepared as described above. Splenic cells (2 × 105 cells/ml) were incubated either
with ConA (5 g/ml) for 48 h or phorbol-12-myristate-13-acetate (PMA; 50 ng/ml;
Beyotime, Haimen, Jiangsu, China) and ionomycin (1 g/ml; Beyotime, Haimen,
Jiangsu, China) for 5 h. The culture supernatant was collected after the stimulation
of  ConA for the assessment of IL-10 and TNF-, and after the stimulation of PMA  and
ionomycin for the assessment of IL-4 and IFN-. The cytokines IL-4, IL-10, IFN- and
TNF-  in culture supernatants were also determined using ELISA kits (R&D Systems,
Abingdon, UK) according to the manufacturer’s instructions. The limit of detection
for  the cytokines shown was  IL-4 (7.8 pg/ml), IL-10 (15.6 pg/ml), IFN- (9.4 pg/ml),
and TNF- (10.9 pg/ml).
2.13. Data analyses
All data were analysed with SPSS 12.0 (SPSS Inc., Chicago, IL, USA). Results are
expressed as means ± standard deviation (SD). Statistical analysis for homogenous
variance data was performed by one-way ANOVA and Tukey’s HSD test for multiple
comparisons. Results were considered to be statistically signiﬁcant at p < 0.05 (two-
sided).
3. Results
3.1. DU chronic exposure did not change the body weight, organ
weight, and blood-biochemistry parameters
During the entire exposure period in each group of animals,
no behavioural or mental disorders were observed, the food and
water consumption was  normal, and the body hair was  soft and
smooth—all with no obvious clinical signs and symptoms. After 4
months of exposure, the body, thymus, and spleen weights of the
mice in each group exhibited no signiﬁcant differences (Table 1).
The renal-function test results (including BUN and CR levels) for
the mice in each group were within the normal range, with no sig-
niﬁcant difference being observed between the groups (Table 1).
Similar results were obtained for the liver-function (including ALT
and AST levels) tests, suggesting that under the conditions of this
study, chronic exposure to DU had no apparent effect on the liver
and kidney function.
3.2. DU chronic exposure increased in the uranium content of
tissues
After 4 months of consumption of DU-containing feed, there was
a certain degree of uranium accumulation in the kidney, spleen,
thymus, and sternum in each group of animals (Fig. 1). DU,  once
absorbed, was distributed throughout the entire body, particularly
the kidney and bone (Vicente-Vicente et al., 2010). This study also
revealed that the concentration of uranium was the highest in the
84 Y. Hao et al. / Toxicology 309 (2013) 81– 90
Table 1
Effect of DU chronic exposure on the body weight, organ weight, and blood-biochemistry parameters in mice.a
Group BW (g) RSW (mg/g) RTW (mg/g) ALT (IU/l) AST (IU/l) BUN (mmol/l) CR (mol/l)
Control 46.0 ± 6.6 3.29 ± 0.94 2.57 ± 0.65 33.0 ± 2.5 124.5 ± 18.3 8.8 ± 1.2 10.3 ± 3.1
DU3 46.4 ± 4.4 3.10 ± 0.41 2.32 ± 0.48 35.8 ± 2.6 128.8 ± 39.3 8.7 ± 0.9 12.0 ± 1.0
DU30 44.5 ± 5.8 2.98 ± 0.53 2.69 ± 0.50 33.8 ± 4.7 135.0 ± 21.3 9.3 ± 1.0 9.8 ± 1.5
DU 41.7 ± 3.5 2.96 ± 0.84 2.46 ± 0.49 37.3 ± 6.0 131.5 ± 24.4 8.9 ± 1.0 10.7 ± 1.6
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a Values are expressed as the mean ± SD (n = 10). Statistical analysis was  perform
SW,  relative spleen weight; RTW, relative thymus weight; ALT, alanine aminotran
idney, closely followed by sternum, and the uranium concentra-
ion in the DU300 group was signiﬁcantly higher than that in the
ther groups (p < 0.05). The uranium concentration of the control
roup (in the kidney, spleen, thymus, and sternum) was notably low
at the normal background level) with signiﬁcant differences com-
ared with the other groups (p < 0.05). Uranium also signiﬁcantly
ccumulated in the spleen and thymus in the DU30 group and the
U3 group, and the uranium accumulation in each tissue tended
o increase with increasing doses of exposure. Combined with our
revious studies (Hao et al., 2009), these results provided ﬁrm evi-
ence of a positive correlation between the dose of DU exposure
nd the levels of DU accumulation in the various tissues in vivo.
Besides the uranium accumulation in tissues, the 235U/238U
sotopic ratio changed evidently after 4 months of DU exposure
Table 2). The 235U/238U isotopic ratio of the control group in tis-
ues was relatively constant, and decreased signiﬁcantly after DU
xposure. With increasing DU accumulation, the 235U/238U isotopic
atio in tissues tended to decrease, especially in the spleen and thy-
us. Due to the higher DU accumulation, the 235U/238U isotopic
atio in the kidney and sternum after DU exposure was nearly 0.002
235U/238U in the DU material).
.3. DU chronic exposure inﬂuenced the cytotoxicity of NK cells
The cytotoxicity of splenic NK cells was assessed by measuring
heir killing capacity using YAC-1 target cells. The results revealed
 downward trend of the cytotoxicity of NK cells with increasing
oses of DU consumption. The cytotoxicity of NK cells in the DU300
roup decreased to approximately one-half that in the control
roup, with signiﬁcant differences compared with the other groups
p < 0.05), whereas there was no signiﬁcant difference between the
U3 or DU30 groups and the control group (Fig. 2).
ig. 1. After 4 months of depleted uranium (DU) exposure, the uranium contents
n  the spleen, thymus, sternum and kidney rose greatly. Spleen, thymus, sternum
nd kidney were harvested from mice and the uranium contents were analysed by
nductively coupled plasma mass spectrometry (ICP-MS). The data are expressed
s  the mean ± SD (n = 10), and the error bars represent the SD. *p < 0.05, compared
ith the control group; #p < 0.05, with one-way ANOVA and Tukey’s HSD test for
ultiple comparisons. one-way ANOVA. There was no difference between the groups. BW,  body weight;
e; AST, aspartate aminotransferase; BUN, blood urea nitrogen; CR, creatinine.
3.4. DU chronic exposure altered the macrophage activity
It is established that macrophages are important targets of ura-
nium poisoning (Kalinich et al., 2002). Long-term exposure to DU
has a signiﬁcant impact on the function of peritoneal macrophages
(Table 3). We  mainly detected the secretion of NO, and the change
in the secretion of TNF-, IL-1, IL-6, and IL-18 in peritoneal
macrophages after LPS stimulation in each group. The results
revealed that after a long-term exposure to DU, the secretion levels
of NO in all the groups were signiﬁcantly lower than that in the con-
trol group (p < 0.05), and the secretion level of NO was particularly
low in the DU300 group, which was  approximately one-third of that
in the control group. In addition, the abilities of mouse peritoneal
macrophages to secrete TNF-, IL-1, and IL-18 were signiﬁcantly
reduced in the DU300 group (p < 0.05), and the ability to secrete TNF-
 in the DU30 group was signiﬁcantly lower than that in the control
group (p < 0.05). However, there was no signiﬁcant difference in the
level of IL-6 secreted by macrophages or in the phagocytic activity
of neutral red particles (measured by OD at 550 nm) among the
groups.
3.5. DU chronic exposure changed the total serum IgM, IgG, and
IgE levels
After 4 months of exposure to DU, the serum immunoglobu-
lin levels were signiﬁcantly affected (Fig. 3). With the increasing
DU exposure dose, there was a trend towards an increase in the
total serum IgG level in the mice, which was increased approxi-
mately 25% in the DU300 group. The total serum IgG level in the DU30
group was also signiﬁcantly higher than that in the control group
(p < 0.05), whereas there was no signiﬁcant difference between the
DU3 group and the control group. The most striking change after
chronic DU exposure was  the total serum IgE level. Compared with
Fig. 2. Depleted uranium (DU) chronic exposure altered the cytotoxicity of natural
killer (NK) cells. Splenic cells were isolated from mice after 4 months of DU exposure
and  the cytotoxicity of splenic NK cells was evaluated by measurement of lactate
dehydrogenase (LDH) released from the cytosol of lysed YAC-1 target cells. The data
are expressed as the mean ± SD (n = 10), and the error bars represent the SD. *p < 0.05,
compared with the control group; #p < 0.05, with one-way ANOVA and Tukey’s HSD
test  for multiple comparisons.
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Table 2
Effect of DU chronic exposure on the 235U/238U isotopic ratio in tissues.a
Group Spleen Thymus Sternum Kidney
Control 0.00762 ± 0.00005 0.00774 ± 0.00005 0.00725 ± 0.00004 0.00716 ± 0.00004
DU3 0.00301 ± 0.00004* 0.00303 ± 0.00004* 0.00220 ± 0.00003* 0.00215 ± 0.00003*
DU30 0.00287 ± 0.00004*,** 0.00288 ± 0.00004*,** 0.00214 ± 0.00003* 0.00214 ± 0.00002*
DU300 0.00233 ± 0.00002*,** ,*** 0.00237 ± 0.00003*,** ,*** 0.00210 ± 0.00002*,** 0.00211 ± 0.00002*
* p < 0.05, compared with the control group.
** p < 0.05, compared with the DU3 group.
*** p < 0.05, compared with the DU30 group.
a Values are expressed as the mean ± SD (n = 10). Statistical analysis was  performed by one-way ANOVA and Tukey’s HSD test for multiple comparisons.
Table 3
Effect of DU chronic exposure on the peritoneal macrophage activity in mice.a
Group NO (mol/l) TNF- (ng/ml) IL-1 (pg/ml) IL-6 (pg/ml) IL-18 (pg/ml) OD550b
Control 26.80 ± 6.36 3.39 ± 0.33 342 ± 17 115 ± 19 588 ± 69 0.148 ± 0.066
DU3 16.30 ± 3.18* 3.30 ± 0.37 324 ± 39 117 ± 27 594 ± 72 0.145 ± 0.042
DU30 17.40 ± 3.38* 2.93 ± 0.24* 317 ± 45 104 ± 26 498 ± 86 0.136 ± 0.038
DU300 9.20 ± 3.66* 2.71 ± 0.35* 289 ± 24* 103 ± 23 445 ± 32* 0.155 ± 0.059
* p < 0.05, compared with the control group.
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he control group, the serum IgE level was signiﬁcantly increased
n the DU3, DU30, and DU300 groups (p < 0.05), and its level in the
U300 group was increased by approximately 200%. However, there
as no signiﬁcant difference between the levels of total serum IgM
mong the groups.
.6. DU chronic exposure altered the proliferation of splenic T and
 cells
Interestingly, after the long-term consumption of DU-
ontaining feed, the proliferative ability of the mouse splenic
ells stimulated with ConA and LPS deceased with the increase of
he consumption dose (Fig. 4). ConA and LPS respectively stimu-
ated the proliferation of splenic T cells and B cells Furthermore, the
esults revealed that in the DU30 and DU300 groups, the stimulation
ndexes of T cells were signiﬁcantly lower, while the stimulation
ndex of B cells were signiﬁcantly higher, than in the control group;
hese differences were statistically signiﬁcant (p < 0.05). However,
ig. 3. After 4 months of depleted uranium (DU) exposure, the total serum
mmunoglobin (Ig) M,  IgG, and IgE levels changed in different degrees. Serum was
ollected from femoral veins of mice and IgM, IgG and IgE levels were respectively
easured using the enzyme linked immunosorbent assay (ELISA). The data are
xpressed as the mean ± SD (n = 10), and the error bars represent the SD. *p < 0.05,
ompared with the control group; #p < 0.05, with one-way ANOVA and Tukey’s HSD
est  for multiple comparisons. one-way ANOVA.
he macrophages with the neutral red dye, as described in Section 2 (assessment of
there was  no signiﬁcant change in the stimulation index of T cells
in the DU3 group, and the stimulation index of B cell was still
higher than that in the control group (p < 0.05).
3.7. DU chronic exposure inﬂuenced the delayed-type
hypersensitivity
SRBCs were used to induce DTH in the mice, and at 24 h after the
second injection of SRBCs, the plantar thickening ratio in the DU300
group was signiﬁcantly less than that in the control group, as well
as those in the DU30 and DU3 groups (p < 0.05). By contrast, there
was no signiﬁcant difference between the DU30 or DU3 group and
the control group (Fig. 5).
3.8. DU chronic exposure altered the percentages of the subtypes
of splenic T and B cells
Flow cytometry revealed that after long-term exposure to DU,
the mouse splenic B cell surface receptor (BCR) changed. With
Fig. 4. Depleted uranium (DU) chronic exposure induced opposite changes to the
proliferation of splenic T and B cells. Splenic cells were isolated from mice after 4
months of DU exposure and the stimulation index of T and B cells were measured
by MTT  assay as stimulated by concanavalin A (ConA) and lipopolysaccharide (LPS),
respectively. The data are expressed as the mean ± SD (n = 10), and the error bars
represent the SD. *p < 0.05, compared with the control group; #p < 0.05, with one-
way ANOVA and Tukey’s HSD test for multiple comparisons.
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Fig. 5. Depleted uranium (DU) chronic exposure inﬂuenced delayed-type hyper-
sensitivity (DTH) to sheep red blood cells (SRBCs). The increase in paw thickness
of  mice after SRBCs sensitisation was measured by a pressure sensitive micrometre
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ws described in Section 2. The data are expressed as the mean ± SD (n = 10), and the
rror bars represent the SD. *p < 0.05, compared with the control group; #p < 0.05,
ith one-way ANOVA and Tukey’s HSD test for multiple comparisons.
ncreasing doses of DU exposure, the proportion of the total splenic
 lymphocytes (estimated via mIgM+) showed an increasing trend
Fig. 6A), and the ratio of mature B cells (mIgM+mIgD+ double pos-
tive cells) to total B cells also gradually increased (Fig. 6B). The
ifference between the DU30 or DU300 group and the control group
ig. 6. After 4 months of depleted uranium (DU) exposure, splenic cells phenotype chang
nalyses as described in Section 2. (A) Splenic cells phenotype was  analysed based on mIg
n  mIgM and mIgD cell surface expression. (C) CD3+ subpopulation phenotype was  asses
f  CD4+/CD8+ cells was  analysed. The data are expressed as the mean ± SD (n = 10), and th
ith  one-way ANOVA and Tukey’s HSD test for multiple comparisons. 309 (2013) 81– 90
was signiﬁcant (p < 0.05), whereas there was  no signiﬁcant differ-
ence between the DU3 group and the control group.
However, after long-term exposure to DU, the proportion of
the total splenic T lymphocytes (CD3+ cells) showed a gradual
decreasing trend with the increase in the dose of DU exposure, and
this proportion in the DU300 group was approximately 15% lower
than that in the control group (Fig. 6A). However, further investiga-
tion of the CD3+ cells revealed a signiﬁcant change in the subtypes
of the mouse splenic CD4+ and CD8+ T cells (Fig. 6C and D). The pro-
portion of the splenic CD4+CD8− T cells showed a decreasing trend
with the increase in the dose of DU exposure, while the proportion
of the splenic CD4−CD8+ T cells showed an increasing trend with
the increase in the dose of DU exposure. The ratio of CD4+/CD8+
in the DU300 group was signiﬁcantly lower than that in the control
group (p < 0.05) with no signiﬁcant difference between the DU30 or
DU3 group and the control group.
3.9. DU chronic exposure caused mark changes in the cytokines
secreted by the splenic cells
The levels of IFN-, TNF-, IL-4, and IL-10 released by the
stimulated-splenic cells were detected by ELISA (Fig. 7), and the
results revealed that the level of IFN- in the DU300 group signiﬁ-
cantly decreased to approximately one-third of that in the control
group with signiﬁcant differences when compared with the other
groups (p < 0.05). The level in the DU30 group was also signiﬁcantly
lower than that in the control group (p < 0.05), whereas there was
ed evidently. Splenic cells were isolated from mice and analysed by ﬂow cytometry
M and CD3 cell surface expression. (B) Splenic cells phenotype was analysed based
sed by ﬂow cytometry based on CD4 and CD8 cell surface expression. (D) The ratio
e error bars represent the SD. *p < 0.05, compared with the control group; #p < 0.05,
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Fig. 7. Depleted uranium (DU) promotes Th (T helper) 2 skewing in the spleen after
4  months of exposure. Splenic cells were isolated from mice and the levels of IFN-,
TNF-,  IL-4, and IL-10 released by the stimulated-splenic cells were detected by the
enzyme linked immunosorbent assay (ELISA) as described in Section 2. The data are
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est  for multiple comparisons.
o signiﬁcant difference between the DU3 group and the control
roup. The change in TNF- level was similar to that of IFN-, and
he TNF- level decreased by approximately 50% and 20% in the
U300 group and the DU30 group, respectively, whereas the TNF-
 level in the DU3 group did not change signiﬁcantly. By contrast,
he IL-4 level gradually increased with the increase in the exposure
ose, with the increase reaching 1.5, 2, and 3 times that of the con-
rol group in the DU3, DU30, and DU300 groups, respectively; these
ifferences were signiﬁcant (p < 0.05). The IL-10 level also showed
n increasing trend with the increasing dose of exposure, particu-
arly in the DU300 group, in which the IL-10 level was increased to
pproximately 2.5 times that of the control group with a signiﬁcant
ifference compared with the other groups (p < 0.05). There was  no
igniﬁcant difference between the DU30 or the DU3 group and the
ontrol group.
. Discussion
To the best of our knowledge, this study is the ﬁrst to evalu-
te the impact of chronic DU exposure on the immune system in
ice through exposure to DU in the diet. The results revealed that
fter 4 months of consuming the DU-containing feed, the immune
unction of the mice was changed in a concentration-dependent
anner. When the DU dose in the feed reached 300 mg/kg, the
mmune function of the mice was signiﬁcantly inhibited, com-
romising the innate immune function of the mice, thereby
eading to the abnormalities in the acquired immune function and
ncreasing the number of splenic mIgM+ cells and the propor-
ion of mIgM+mIgD+ double-positive cells; however, the number of
plenic CD3+ cells and the ratio of splenic CD4+/CD8+ T cells were
ecreased. In addition, the release of cytokines from the splenic
as abnormal, inhibiting the levels of Th1-derived cytokines while
ncreasing the levels of Th2-derived cytokines, thereby promoting
he shift to Th2 cells. However, the dose of less than 30 mg/kg in the
U-containing feed exhibited little or no impact on the immune
unction. This study veriﬁed the hypothesis that with sufﬁcient
oses and durations of exposure, DU may  cause a systematic shift
f Th1 cytokines to Th2 cytokines.
Exposure to DU by consumption is an important mode of inter-
al DU contamination. Though less likely, children may  ingest 309 (2013) 81– 90 87
contaminated soil directly through their hands, and the potentially
harmful effects cannot be ignored (Bleise et al., 2003). However,
we found that after 4 months of exposure through consump-
tion, the animals in all the groups exhibited no obvious clinical
signs and symptoms; furthermore, the serum biochemical exami-
nation demonstrated that chronic exposure to DU had no signiﬁcant
impact on the liver and kidney function. Long-term follow up on the
health status of Gulf War  veterans revealed that their urinary ura-
nium concentrations were high, but their renal function was  normal
with no clinical health effects associated with uranium (McDiarmid
et al., 2011), which is consistent with the results of the present
study.
The measurement of uranium concentration in the tissues
with ICP-MS showed that after 4 months of consumption of DU-
containing feed, a signiﬁcant accumulation of uranium occurred in
the kidney, spleen, thymus, and sternum in the mice; moreover,
with the consumption of increased doses of DU, the uranium con-
centration tended to increase while the 235U/238U isotopic ratio
tended to decrease. The uranium concentration and 235U/238U were
sensitive indicators to assess the pollution of uranium. The results
of the present study suggest a potential risk from chronic DU expo-
sure. Zhu et al.  (2009) measured the uranium concentration at
various time points after the implantation of DU chips into mice,
and found uranium accumulation in the bone and the spleen, which
gradually increased with time.
In addition, the present study conducted a more comprehen-
sive evaluation of the immune function of mice after chronic
exposure to DU. First, this study evaluated the innate immune
function of the mice, particularly the function of NK cells and
macrophages. The results revealed that the innate immune func-
tion of the DU300 group (300 mg/kg) was signiﬁcantly inhibited.
NK cells have immune surveillance and killing effects on tumour
cells and virus-infected cells without the antigen sensitisation or
the presence of antibodies. We  demonstrated that the cytotoxic-
ity of the NK cells gradually decreased with the increase in the
exposure dose, suggesting that a consumption dose of 300 mg/kg
or higher may lead to tumour susceptibility; however, this hypoth-
esis requires further validation in future studies. The results of this
study were consistent with the immunotoxicity of heavy metal cad-
mium.  After newborn Sprague-Dawley rats were exposed to a low
concentration of cadmium (10 ppb) for 24 days through breastfeed-
ing, the results revealed a gender-related impact on the cytotoxic
effect of NK cells on both day 28 and day 63 (Pillet et al., 2005).
Holásková et al. (2012) reported that chronic exposure to low-dose
cadmium in the parental generation causes a reduced proportion of
splenic NK cells in the offspring mice, most likely leading to reduced
tumour resistance. However, earlier studies revealed that NK cells
are apparently not sensitive to the immunotoxicity that is caused
by chronic exposure to lead or to lead combined with cadmium
(Yücesoy et al., 1997; Neilan et al., 1983). We reason that in addi-
tion to gender, these differences may  be mainly due to the channel
of exposure, the dose of exposure, the duration of exposure, and
the age at which exposure to the heavy metal occurs in the animal
model. Additionally, DU is radioactive, which may  also be one of the
reasons for its unique effect compared with other heavy metals.
Previous studies on the effect of DU on macrophages mainly
revealed the impact of soluble uranium on megakaryocytic cells
(NR8383 or J774) or peritoneal macrophages via in vitro experi-
ments (Kalinich et al., 2002; Gazin et al., 2004; Wan  et al., 2006). The
present study evaluated the immune function of mouse peritoneal
macrophages after long-term exposure to DU and demonstrated
that as the exposure dose increased, the ability of macrophage
to secrete NO, TNF-, IL-1, and IL-18 decreased. All of these
factors are involved in the antipathogenic effector functions of
macrophages (Kawai and Akira, 2010). Therefore, inhibition of
the secretory function of macrophages suggests that uranium
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xposure weakens the capability of animals to ﬁght against infec-
ion. In agreement with the results of this study, Dublineau
t al. (2007) reported that, after rats were exposed to DU for 6
onths through drinking water (40 mg/l), the secretion of NO was
ecreased in ileal tissue, which may  be observed because uranium
aused a reduction in NO-secreting cells (macrophages) in the ileal
issue, as well as a reduction in inducible NO synthase (iNOS) acti-
ators [C–C motif ligand 2 (CCL-2)] and an increase in NO inhibitors
IL-10). In the experiments of lead-induced immunotoxicity, the
nhibition of the NO secretion from macrophages was  considered
o be a sensitive indicator (Dietert and Piepenbrink, 2006). The
xposure of peritoneal macrophages to lead (20 M)  for 72 h led to
ecreased NO secretion, a decreased phagocytic index, and signiﬁ-
antly increased catalase levels, which may  increase the incidence
f infectious diseases (Bussolaro et al., 2008). However, the phago-
ytosis experiments of neutral red particles in this study did not
emonstrate decreased phagocytic activity in the DU300 group, sug-
esting that the phagocytic activity was not as sensitive to the
U-induced immunotoxicity as was the NO secretion and TNF-
ecretion, which was similar to the lead-induced immunotoxicity
f the macrophages (Dietert and Piepenbrink, 2006). In addition,
tudies of the immune function of children suffering from irritable
owel syndrome have shown that a low dose of  internal irra-
iation signiﬁcantly changes their innate immune function and
lso leads to signiﬁcant decreases in the macrophage activity and
hagocytic index (Sheikh Sajjadieh et al., 2010). However, Gazin
t al. (2004) found that exposure of the NR8383 macrophages to
ranium (50 M)  for 24 hours causes increased secretion of TNF-,
hereas the secretion of IL-1 and IL-10 is not affected by uranium
xposure. We  believe that these inconsistent results stem from the
act that the present study employed in vivo experiments to inves-
igate the effect of long-term exposure to relatively low doses of
U.
Second, long-term exposure to DU caused changes in the
umoral immune function of the mice. In particular, when the dose
f uranium in the feed exceeded 30 mg/kg, the total serum IgG and
gE levels increased, the proliferative capacity of splenic B cells was
nhanced, and the proportion of mIgM+mIgD+ double-positive B
ells increased; the serum IgG level did not change signiﬁcantly
n the DU3 group (3 mg/kg), but the serum IgE level was  signif-
cantly increased. IgG is the product of the secondary immune
esponse, and IgE mainly mediates allergic reactions. The increase
n the IgG and IgE levels strongly suggested that chronic exposure to
U might increase the susceptibility to allergic disease. At present,
he researchers of lead exposure-induced immunotoxicity have not
eached a consensus regarding the change in the total serum IgM
nd IgG levels. Generally, a sufﬁciently high dose and long exposure
ime leads to a decrease in the total serum IgM and IgG levels, while
 short-term exposure at a low dose increases the total serum IgM
nd IgG levels. However, an increased serum IgE level has been
ecognised as the one of the signiﬁcant markers of lead-induced
mmunotoxicity (Dietert and Piepenbrink, 2006). This study also
ound that the chronic exposure to DU led to greater prolifera-
ive ability of splenic B cells stimulated by LPS, further suggesting
hat the DU exposure may  promote the B cell-mediated humoral
mmune function. This result is different from those from acute
xposure to large doses of DU. The results of our previous study
Hao et al., 2012a) showed that in four days after intraperitoneal
njection of DU (10 mg/kg body weight), the proliferative ability of
he splenic B cells was decreased. Further research on the character-
stic B cell surface marker, BCR, showed that chronic exposure to DU
ncreases the total number of spleen B lymphocytes and the ratio
f mature B cells (mIgM+mIgD+) to the total number of B cells. This
nding was the ﬁrst discovery of the impact of chronic DU expo-
ure on B-cell maturation, and the function of the mature B-cells
n recognising antigens and mediating speciﬁc immune responses 309 (2013) 81– 90
was thereby affected. The impact of DU on humoral immunity
was apparently similar to that of radiation. Exposure to low doses
of gamma  external irradiation (10 cGy, 1 cGy/min) activated the
thymus-dependent humoral immune and enhanced polyclonal B-
cells in mice (Sharetskiı˘ et al., 2000). It should be clariﬁed that
both immunosuppression and immune stimulation are immuno-
toxic reactions (Gleichmann et al., 1989).
Third, long-term exposure to DU led to changes in the cellu-
lar immune function in the DU300 group (300 mg/kg), including
decreased proliferative ability of ConA-stimulated splenic T cells,
suppression of delayed-type hypersensitivity, decrease in the num-
ber of CD3+ cells, and decrease in the ratio of CD4+/CD8+ splenic
T cells. In the DU30 group (30 mg/kg), the proliferative ability of
splenic T cells was also signiﬁcantly decreased, suggesting reduced
responsiveness of the T cells to mitogens. No signiﬁcant change
in the DU3 group (3 mg/kg) was  observed. In the DU300 group,
the inhibition of DTH that was primarily mediated by T cells sug-
gested dysfunctional T-cell sensitisation, proliferation, and release
of lymphokines or aggregation of lymphocytes through chemotac-
tic effects, and this process mainly depended on the involvement
of Th1 cells (Dietert and Piepenbrink, 2006). Similar to the results
of this study, pregnant female rats that are exposed to lead acetate
(250 ppm) via drinking water from inception of the pregnancy to
birth produced offspring in which the Th1 cells were suppressed
at week 13 (Chen et al., 2004). Furthermore, many studies (Chen
et al., 1999; Lee et al., 2001) have demonstrated that chronic lead
exposure decreases the responsiveness of delayed-type hypersen-
sitivity, which is believed to occur through the inhibition of Th1
cytokine IFN-. This study also revealed that 4 months of expo-
sure to more than 300 mg/kg uranium in the diet decreases the
proportion of the total splenic T lymphocytes (CD3+ cells). More-
over, the proportion of CD4+CD8− T lymphocytes was  decreased,
the proportion of CD4−CD8+ T lymphocytes was  increased, and the
ratio of CD4+/CD8+ splenic T cells was decreased, suggesting an
imbalance of the subtypes of CD4+ and CD8+ T cells, which would
cause a decrease in the cellular immune function mediated by the
CD4+ T cells and a signiﬁcantly weakened anti-viral infection capac-
ity of the CD4+ T cells. Consistent with the results of this study,
Wan  et al. (2006) conducted in vitro experiments on CD4+ splenic
T cells and reported that exposure to DU (500 M)  for 24 hours led
to apoptosis and necrosis of the CD4+ T cells. Moreover, a survey
of 148 males with occupational exposures to lead has demon-
strated signiﬁcant reductions in the ratio of serum CD4+/CD8+ T
cells and in the levels of IFN- and TNF-, while the proportion of
CD8+ T cells and the IL-10 levels are signiﬁcantly increased (García-
Lestón et al., 2011). However, to the best of our knowledge, no
immunological analyses of the uranium-exposed population have
been conducted.
Finally, long-term exposure to DU led to signiﬁcant changes
in the level of cytokines released by stimulated splenic cells in
the mice. In general, when the DU dose in feed was higher than
30 mg/kg, the chronic exposure decreased the expression of Th1
cytokines (IFN- , TNF-) and increased the expression of Th2
cytokines (IL-4, IL-10) with a shift of Th1 cytokines to Th2 cytokines.
To the best of our knowledge (Mosmann and Coffman, 1989; Abbas
et al., 1996), Th1 cells mediate the immune response related to cyto-
toxicity and local inﬂammation and are involved in the formation
of cellular immunity and delayed-type hypersensitivity. Th1 cells
also activate iNOS in macrophages to promote their secretion of NO,
thereby yielding the above-described results, including decreased
proliferative ability of T cells, decreased responsiveness of DTH,
and macrophage dysfunction—which are adequately explained by
the inhibition of Th1 cytokines. The main function of Th2 cells is
to stimulate B cells to proliferate and, subsequently, to generate
antibodies, the production of which is associated with humoral
immunity. Th2 cells may  assist the mouse B cells to synthesise IgA,
cology
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gG, and IgE and may  negatively regulate cytotoxic T cells (CTL) and
K cells. Therefore, the increased levels of Th2 cytokines offers a
ood explanation for the increase in the total serum IgG and IgE
evels, as well as the weakened cytotoxic effect of the NK cells.
imilar to the results of this study, numerous studies (Heo et al.,
997; Dietert and Piepenbrink, 2006; Gao et al., 2007) have demon-
trated that exposure to low doses of lead causes a signiﬁcant shift
f Th1 cytokines to Th2 cytokines. However, chronic ingestion of
U by drinking water (40 mg/l), did not lead to modiﬁcations in
he cytokine gene expression in Peyer’s patches (Dublineau et al.,
006). The differences may  be due to the different exposure routes
nd evaluation tissue. In addition, before determination of cytokine,
plenic cells were stimulated with ConA or PMA  and ionomycin,
hich would increase the differences between groups. The limita-
ion of the present study is that only one time point was evaluated;
hus, the results do not reﬂect the dynamic changes in immune
unction based on the age of the animal and the exposure time to
U.
In summary, after 4 months of exposure to low doses of DU
lower than 30 mg/kg) through the diet in young mice, the impact
f DU exposure on the immune function of the body was  rela-
ively small. However, when a higher dose (300 mg/kg) of DU was
pplied, signiﬁcant changes in immune function ensued, mainly
anifested as decreased innate immune function, inhibition of
ellular immune function, and abnormal humoral immune func-
ion, which mainly occurred because of the imbalance of Th1/Th2
ells in vivo, leading to the deregulation of various immune func-
ions in the body. The DU-induced shift of Th cells (towards Th2)
ay  lead to increased susceptibility to autoimmune disease, can-
er, and infectious diseases. The mechanism for Th1/Th2 imbalance
as complex, and the transcription factors (GATA3, STAT1, STAT4,
TAT6, T-bet, c-Maf, and so on) might play a relevant role in this
rocess. Further study is necessary to elucidate the mechanism of
U exposure on Th1/Th2 balance.
In addition, our results suggest that the immune system is one of
he systems most sensitive to damage induced by chronic uranium
oisoning. Therefore, the present study indicates that in-depth
nvestigations examining the immune function of the population
hat is chronically exposed to uranium should be performed, which
ay  lead to the discovery of valuable biomarkers.
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